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Introduction 

Survival  of  genotoxic  shock  is  essential  to  the  survival  of  any  organism.  The  DNA  damage  checkpoint 
(DDC)  controls  the  cellular  response  to  DNA  damage  (10, 19, 23, 24).  Dysfunetion  of  components  of  the 
mammalian  DDC,  sueh  as  ATM,  hChk2,  p53,  and  BRCAl,  correlates  with  accelerated  tumorigenesis,  inereased 
cancer  risk,  and  tumor  ehemotherapeutic  resistance  (2,  8,  11,  18,  20,  21).  Eukaryotic  DDC  mechanisms  are 
conserved;  in  Saccharomyces  cerevisiae,  ^TM-family  kinase  MECl  is  required  for  the  DDC,  as  are  Rad53  and 
Rad9  (1,  5, 12 , 14, 16, 19,  22, 25, 29, 30, 31).  Rad53  is  the  founding  member  of  a  kinase  family  implieated  in 
DDCs,  including  mammalian  homolog  hChk2  (3, 4, 12, 13, 15,  30).  Rad9  shares  homology  with  the  BRCAl 
C-terminus  (32).  S.  cerevisiae  thus  provides  a  powerful  genetic  system  in  which  to  study  the  eonserved  DDC 
mechanisms. 

The  Mecl -dependent  phosphorylation  of  Rad53  correlates  with  the  propagation  of  the  DDC  signal  (17, 
26,  27).  Mecl  is  also  required  for  the  DDC-dependent  phosphorylation  of  Rad9  (26,  7,  28),  leading  to  the 
binding  of  Rad53  to  phospho-Rad9  via  the  second  FHA  domain  within  Rad53  (26).  The  two  objectives  of  this 
project  are:  to  define  the  molecular  and  catalytic  interaction  between  Mecl ,  Rad53,  and  Rad9  that  lead  to  the 
activation  of  Rad53  by  the  DDC;  and  to  identify  and  begin  characterization  of  mammalian  homologs  of  RAD53. 
The  first  objective  is  the  larger  of  the  two,  and  was  scheduled  to  occupy  most  of  my  time  for  the  first  year  of  my 
funding. 

Progress  on  Objective  1;  Characterization  of  physical  and  catalytic  interactions  of  Mecl 
Task  1:  identification  and  characterization  of  Mecl 

To  determine  if  Mecl  phosphorylates  Rad9  or  Rad53,  the  first  goal  was  to  obtain  catalytically  active 
Mecl.  The  first  route  to  study  of  Mecl  activity  was  to  generate  bacterially  expressed  Mecl  kinase  domain 
fusion  proteins.  A  similar  approach  was  previously  employed  for  the  study  of  the  catalytie  aetivity  of  ATM  (2). 
The  first  step  in  generating  Mecl  constructs  was  to  clone  MECl  from  a  wildtype  yeast  strain.  I  cloned  MECl 
from  diploid  yeast  strain  NY882  by  recombination  repair.  The  clone  fully  rescues  the  checkpoint  deficiencies 
of  a  mecl  IS.  strain,  suggesting  that  the  clone  is  fully  functional.  A  bacterial  GST-kinase  domain  fusion  was 
construeted  and  expressed  in  protease  deficient  bacteria.  While  the  fusion  protein  expressed  well,  and  was 
easily  purified  (Fig.  1),  the  construct  lacked  detectable  kinase  activity  as  measured  by  either 
autophosphorylation  or  phosphorylation  of  a  test  substrate.  Similar  truncated  fusion  proteins  expressed  in 
mammalian  tissue  culture  cells  also  lacked  activity,  suggesting  that  the  lack  of  activity  is  inherent  to  the 
construet  and  not  the  expression  system. 

Turning  to  S.  cerevisiae  as  an  expression  system,  I  generated  a  full-length  galactose-induced  expression 
construet  of  Mecl  with  an  N-terminal  V5  epitope  tag.  This  construct  also  rescues  the  checkpoint  defects  of  a 
mecl  IS  strain,  confirming  that  the  epitope  tag  does  not  disrupt  the  function  of  the  protein.  Mecl  proved  to  be  an 
unstable  protein;  Meel  rapidly  degrades  when  stored  in  the  freezer.  After  repeated  attempts,  I  succeeded  in 
observing  V5Mecl  in  both  cell  lysates  and  immunoprecipitations  (Fig.  2).  V5Meel  is  also  catalytically  active, 
as  measured  by  autophosphorylation  and  test  substrate  phosphorylation  in  an  in  vitro  kinase  assay  (Fig.  2). 
Phosphorylation  of  test  substrates  revealed  that  in  the  proper  context,  Mecl  phosphorylates  threonine.  Other 
residues,  such  as  serine  or  tyrosine,  have  not  been  ruled  out.  My  studies  of  the  eatalytic  activity  of  Mecl  are 
ongoing. 

Task  2:  determination  of  the  physiological  relevance  of  Mecl  activity 

To  confirm  that  Mecl  is  the  kinase  that  phosphorylates  Rad53  and  Rad9  in  response  to  DNA  damage,  I 
plan  to  identify  sites  of  in  vivo  phosphorylation  and  determine  if  Mecl  phosphorylates  these  residues  in  vitro. 
Using  a  Rad9  test  substrate  identified  as  described  in  the  next  section,  I  performed  in  vitro  immune  eomplex 
kinase  assays  with  V5Meel.  V5Mecl  specifically  phosphorylated  a  threonine  residue  in  this  construct, 
demonstrating  that  Mecl  indeed  phosphorylates  Rad9  in  vitro  (Fig.  2).  As  subsequent  experiments  on  this  site 
within  Rad9  demonstrates  that  it  is  likely  not  in  vivo  a  major  site  of  Meel  phosphorylation,  my  experiments  on 
the  in  vitro  speeificity  of  Meel  for  Rad9  are  ongoing. 
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To  identify  sites  of  in  vivo  phosphorylation  on  Rad9, 1  plan  to  use  tryptic  phosphopeptide  mapping. 

This  experiment  requires  the  ability  to  obtain  a  significant  amount  of  in  vivo  ^^P-labeled  Rad9.  Previously  in 
our  laboratory,  Rad9  was  detected  and  purified  via  a  C-terminal  FLAG  epitope  tag.  Unfortunately,  shortly 
before  the  initiation  of  these  studies,  the  anti-FLAG  antibody  we  used  was  discontinued.  Altering  our  protocols 
to  incorporate  other  anti-FLAG  reagents  proved  intractable.  Hence,  I  replaced  the  C-terminal  FLAG  tag  on 
Rad9  with  a  triple  HA  epitope  (3xHA).  This  epitope,  like  the  FLAG  epitope,  does  not  compromise  the  function 
of  Rad9. 

I  initiated  pilot  experiments  to  obtain  in  vivo  labeled  Rad9.  Rad9-3xHA  was  successfully  labeled  and 
purified  in  amounts  that  will  most  likely  prove  sufficient  for  tryptic  phosphopeptide  mapping.  However,  this 
approach  is  technically  daunting  due  to  both  the  high  (millicurie)  amounts  of  radioactive  orthophosphate 
utilized,  and  the  potential  technical  difficulties.  Therefore,  this  approach  is  currently  delayed  in  favor  of  the 
more  rapid  and  approachable  method  described  below. 

Task  3:  identification  of  physical  interactions  between  Med,  RadS3,  and  Rad9 

To  characterize  the  formation  of  a  complex  including  Mecl,  Rad53,  and  Rad9, 1  am  expanding  our 
understanding  of  the  Rad53-Rad9  interaction  first  discovered  in  our  laboratory.  As  MECl  is  required  for  the 
phosphorylation  in  response  to  DNA  damage,  and  Rad53  FHA2  specifically  binds  the  phosphorylated  form  of 
Rad9,  it  is  likely  that  Mecl  creates  a  phospho-binding  site  for  Rad53  FHA2  within  Rad9.  Two-hybrid  analysis 
of  Rad9  deletion  constructs  identified  a  78  amino  acid  sequence  within  Rad9  (Rad9  MID  -  minimal  interaction 
domain)  sufficient  for  interaction  with  Rad53  FHA2.  Supporting  the  hypothesis  that  Mecl  creates  the  binding 
site  for  Rad53,  a  putative  ATM-family  phosphorylation  site  (TQM)  was  observed  within  this  sequence. 
Mutation  of  the  threonine  to  alanine  largely  abrogated  the  two-hybrid  interaction,  and  mutation  to  a  positively 
charged  arginine  abolished  the  interaction.  However,  substitution  of  a  negatively  charged  glutamate  for  the 
threonine,  mimicking  the  negative  charge  of  a  phosphorylated  threonine,  largely  rescued  the  two-hybrid 
interaction. 

To  confirm  the  identification  of  a  Rad53  phospho-binding  site  within  Rad9  in  vivo,  I  generated  Rad9- 
3xHA  expression  constructs  containing  both  a  threonine-to-alanine  substitution  at  TQ#8,  as  well  as  a  28  amino 
acid  deletion  encompassing  TQ#8.  Surprisingly,  these  mutations  failed  to  impair  the  Rad9  phosphorylation 
observed  in  response  to  DNA  damage  (Fig.  3).  This  suggests  TQ#8  either  is  not  a  major  phosphorylation  site 
within  Rad9,  or  phosphorylation  of  TQ#8  does  not  have  a  major  affect  on  the  electrophoretic  mobility  shift  of 
Rad9.  If  Rad53  FHA2  binds  Rad9  primarily  at  TQ#8,  these  mutations  should  prevent  this  interaction,  detaching 
Rad53  from  DDC  regulation.  However,  these  mutations  fail  to  both  alter  the  activation  of  Rad53  (Fig.  3),  and 
disrupt  the  normal  action  of  the  G2  DDC  to  prevent  mitosis  after  DNA  damage.  These  data  suggest  TQ#8  is 
either  redundant  with  other  Rad53  binding  sites,  or  was  a  false  positive  identified  in  the  potentially  artificial 
environment  of  the  two-hybrid  system. 

To  identify  other  putative  Mecl  phosphorylation  sites  that  contribute  to  the  interaction  of  Rad53  with 
Rad9, 1  constructed  a  set  of  strains  containing  combinations  of  mutations  these  residues.  To  eliminate  the 
possibility  of  redundant  contribution  of  TQ#8,  these  mutations  were  generated  in  Rad9  already  containing  the 
28  amino  acid  deletion  surrounding  TQ#8.  Of  the  13  putative  Mecl  phosphorylation  sites  within  Rad9 
additional  to  TQ#8, 1  screened  through  mutations  in  9  of  these  (Fig.  4).  "Wfiiile  most  had  no  effect,  deletion  of 
69  amino  acids  containing  a  cluster  of  six  of  these  sites  both  abrogated  the  DNA  damage  induced 
phosphorylation  of  Rad9,  and  impaired  the  interaction  of  Rad53  with  Rad9  (Fig.  5). 

To  confirm  that  the  disruptions  in  Rad53/Rad9  behavior  observed  are  due  to  the  loss  of  the 
phosphorylation  sites,  and  not  due  to  a  nonspecific  disruption  of  Rad9  from  the  deletion,  I  generated  a  mutant 
with  alanine  substitutions  at  the  six  putative  phosphorylated  residues  (rad9^’^).  Like  the  cluster  deletion,  this 
six-alanine  mutation  (6xA)  impairs  both  the  DNA  damage  dependent  phosphorylation  of  Rad9,  and  its 
subsequent  interaction  with  Rad53  (Fig.  6).  These  data  suggest  that  this  cluster  represents  a  bona  fide  binding 
site  for  Rad53.  Building  on  the  6xA  mutation,  I  alanine-substituted  TQM  (7xA).  rad9’’^  biochemically  appears 
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similar  to  the  rad9^^,  suggesting  that  TQ#8  does  not  significantly  contribute  to  the  interaction  of  Rad53  with 
Rad9. 

To  determine  if  the  6xA  mutation  within  Rad9  impairs  the  function  of  the  DDC,  I  analyzed  the  ability  of 
these  mutants  cells  to  prevent  mitosis  in  the  face  of  a  strong  DNA  damage  signal.  In  this  assay,  rad53  cells 
initiate  arrest,  but  fail  to  maintain  the  G2  arrest  as  single  nucleated  cells,  instead  proceeding  with  nuclear 
division  to  yield  cells  with  two  nuclei  (26,  9).  rad9^  cells  demonstrate  a  complete  failure  of  the  G2  DDC, 
proceeding  through  nuclear  division  without  pause  (9).  If  the  rad9^’^  mutant  fails  to  activate  Rad53  due  to  a 
general  defect  in  Rad9  function,  then  rad9'^‘^  cells  will  behave  similar  to  rad9^.  Alternatively,  if  rad9^’^  is 
functionally  deficient  for  Rad53  activation,  as  it  is  biochemically,  then  rad9^^'^  cells  will  behave  similar  to 
rad53  cells.  My  analysis  of  the  G2  DDC  in  wildtype,  rad9^^^,  rad9A,  and  rad53^^^^'^^^  demonstrated  that 
rad9^^'^  has  defects  similar  to  those  of  the  rad53  cells  (Fig.  7).  I  have  generated  an  array  of  mutations  in  the  six 
putative  phosphorylation  sites  within  the  Rad9  cluster,  and  am  currently  evaluating  their  individual  contribution 
to  the  Rad9/Rad53  interaction,  and  to  the  function  of  the  G2  DDC. 

To  identify  interactions  between  checkpoint  components  via  two-hybrid  analysis,  we  generated  several 
more  constructs.  Working  with  Damon  Banks,  a  rotation  student  in  the  lab,  we  constructed  three  overlapping 
Mecl  constructs  to  screen  for  Mecl -interacting  proteins.  However,  due  to  the  potential  for  false  interactions 
suggested  by  the  two-hybrid  deletion  mapping  of  the  Rad53-Rad9  interaction,  we  are  delaying  initiating  a  two- 
hybrid  screen  in  favor  of  our  current  biochemical  experiments. 

Task  4:  in  vitro  reconstruction  of  the  Rad53-Rad9  interaction 

One  of  the  outstanding  questions  about  the  Rad53-Rad9  interaction  is  whether  the  interaction  is  direct, 
or  via  another  polypeptide  or  other  intermediary.  To  distinguish  these  possibilities,  I  seek  to  demonstrate  Rad53 
binding  to  Rad9  in  vitro  using  components  generated  independently  of  S.  cerevisiae.  After  identification  of 
TQ#8  as  a  putative  phospho-specific  binding  site  for  Rad53  FHA2, 1  had  synthesized  two  versions  of  the  28 
mer  tryptic  peptide  containing  TQ#8;  a  normal  version,  and  a  version  with  phosphothreonine  at  TQ#8.  To 
demonstrate  binding  of  Rad53  to  this  peptide,  I  developed  the  following  assay:  the  synthetic  Rad9  peptides 
were  dot  blotted  to  a  membrane,  and  a  soluble,  bacterially  expressed  Rad53  FHA2  fusion  protein  was  floated  in. 
GST-Rad53  FHA2  binding  was  detected  via  chemiluminescence  with  antibodies  to  GST  (Fig.  8).  This 
experiment  demonstrated  that  Rad53  FHA2  specifically  binds  the  phosphorylated  version  of  a  Rad9  peptide. 
With  my  more  recent  identification  of  the  Rad9  cluster  as  a  binding  site  for  Rad53  FHA2, 1  am  currently 
repeating  these  experiments  with  peptides  derived  from  the  cluster.  In  the  course  of  this  work,  Durocher  et  al 
(6)  demonstrated  in  vitro  phospho-specific  binding  of  FHA  domains  to  artificial  substrates.  Surprisingly,  were 
also  able  to  use  a  GST-Rad53  FHAl  fusion  protein  to  precipitate  Rad9-containing  complexes  from  cell  lysates. 
This  was  unexpected  given  our  two-hybrid  analysis  that  suggested  that  Rad53  FHAl  is  not  able  to  substitute  for 
Rad53  FHA2  (26,  unpub.  data).  This  data  suggest  that  Rad53  FHAl  may  participate  in  the  Rad53/Rad9 
interaction;  alternatively,  Rad53  FHAl  may  also  be  capable  of  interacting  with  other  components  of  a  Rad9- 
containing  complex.  I  am  currently  also  investigating  the  possibility  of  direct  binding  of  Rad53  FHAl  to  Rad9. 

Progress  on  Objective  2:  Identification  of  mammalian  Rad53  homologs 
Task  1:  initiation  of  screens  for  mammalian  checkpoint  homologs 

At  the  outset  of  this  project,  there  were  no  known  mammalian  homologs  of  Rad53.  To  identify  these 
genes,  I  planned  a  degenerate-PCR  strategy  to  isolate  homologs  based  on  their  sequence  similarity  in  FHA  and 
kinase  domains.  Working  with  Damon  Banks,  we  designed  and  had  synthesized  a  set  of  highly  degenerate 
primers  for  both  the  FHA  and  kinase  domains.  We  selected  a  A,-gtl  1  library  constructed  from  growing  Jurkat 
cells,  lymphocytes  we  reasoned  were  likely  to  express  DDC  genes.  We  tested  a  range  of  PCR  amplification 
parameters,  including  annealing  and  extension  temperatures,  primer  and  template  concentration,  and  divalent 
cation  content.  In  a  pilot  experiment,  we  amplified  and  cloned  several  products.  Of  eight  isolates,  in  two  the 
primers  had  amplified  a  genuine  target  sequence;  one  of  the  kinase  domain  primers  successfully  amplified  a 
kinase.  Surprisingly,  both  independently  amplified  kinase  clones  were  Chkl,  a  known  DDC  component.  While 
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the  pilot  experiment  did  not  identify  a  novel  checkpoint  gene,  this  result  suggested  that  this  was  a  viable 
approach. 

Unfortunately,  shortly  after  the  pilot  experiments  in  developing  the  screen  for  mammalian  homologs  for 
Rad53,  several  laboratories  published  their  independent  isolation  and  characterization  of  Rad53  homologs  (3, 4, 
15).  The  identified  gene,  named  Chk2,  is  a  component  of  the  mammalian  ATM/ATR  DDCs,  validating  the 
concept  for  this  objective.  However,  between  these  and  subsequent  publications,  much  of  the  remaining 
experiments  proposed  for  Objective  2  were  reported.  Therefore,  based  on  he  advice  of  my  mentor.  Dr.  David 
Stem,  and  my  thesis  advisory  committee,  I  am  focusing  my  efforts  on  the  development  and  expansion  of  the 
goals  within  the  first  objective.  The  work  required  to  develop,  as  well  as  the  results  derived  from  my  goals  in 
Objective  1  are  much  more  expansive  than  I  originally  anticipated.  Indeed,  the  “overly  ambitious”  nature  of  my 
proposal  was  one  of  the  few  negative  comments  given  by  the  proposal’s  reviewers. 


Key  Research  Accomplishments 

•  Cloned,  expressed,  and  purified  ATM-homolog  Mecl 

•  Developed  in  vitro  Mecl  kinase  assay 

•  Identified  Rad9  as  a  Mecl  substrate  in  vitro 

•  Identified  putative  Mecl  phosphorylation  sites  within  Rad9  in  vivo  required  for  Rad53  interaction  and 
function  of  the  DNA  damage  checkpoint 

•  Reconstructed  in  vitro  the  binding  of  Rad53  FHA2  to  a  phosphorylated  Rad9  peptide 

•  Initiated  a  degenerate-PCR  screen  for  Rad53  homologs 


Reportable  Outcomes 

1 .  Manuscripts,  abstracts,  and  presentations 

Schwartz,  M.F.,  Sun,  Z.,  Hsiao,  J.,  and  Stem,  D.F.  (2000)  Phosphorylation-dependent  Interaction  of  Rad53 
with  Rad9  in  the  DNA  Damage  Checkpoint  of  S.  cerevisiae.  65*'’  Cold  Spring  Harbor  Laboratory 
Symposium,  Biological  Responses  to  DNA  Damage. 

Schwartz,  M.F.,  Sun,  Z.,  Hsiao,  J.,  and  Stern,  D.F.  (2000)  Interaction  of  Rad53  with  Rad9  in  the  DNA 
Damage  Checkpoint  of  S.  cerevisiae.  Department  of  Defense  Breast  Cancer  Research  Program  Era  of 
Hope  Meeting. 

2.  Patents  and  licenses  applied  for  and/or  issued 

3.  Degrees  obtained 

4.  Development  of  cell  lines,  tissue  or  serum  repositories 

5.  Informatics 

6.  Funding  applied  for 

7.  Employment  or  research  opportunities  applied  for 
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Summary 

Significant  progress  has  been  made  in  meeting  the  goals  of  the  first  objeetive  of  this  proposal.  I 
successfully  developed  Meel  as  a  biochemical  reagent,  and  am  eurrently  investigating  the  speeificity  and 
relevance  of  its  in  vitro  activity.  I  identified  putative  Mecl  phosphorylation  sites  within  Rad9  that  are  required 
for  both  the  phosphorylation  of  Rad9  and  the  interaction  of  Rad53  FHA2  with  Rad9  in  response  to  DNA 
damage.  I  demonstrated  that  Mecl  can  phosphorylate  Rad9  in  vitro,  and  that  Rad53  FHA2  binds  this  site  in 
vitro  when  phosphorylated.  I  will  shortly  be  completing  this  series  of  experiments,  and  will  prepare  my  first 
manuscript  for  submission  before  the  end  of  the  year. 
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Figure  1;  GST-Mecl  purification.  Top:  schematic  of  GST-Mecl  fusion  construct,  relative  to  full  length  Mecl.  Bottom: 

coomassie  stained  gel  showing  purification  of  Mecl  GST  fusion.  U,  uninduced  whole  cell  extract;  I,  induced  whole  cell  extract;  PI, 
low  speed  pellet;  SI,  low  speed  supernatant;  B,  glutathione-agarose  beads. _ 
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Figure  2:  VSMecl  immune  complex  kinase  assay  on  Rad9  MID.  Immunoprecipitated  VSMecl  demonstrates  autocatalytic 

activity,  and  phosphorylates  only  wildtype  Rad9  MID  (lane  4).  Immunoprecipitated  kinase  dead  VSmecl  lacks  both  activities  (lane 
8).  vec,  lysates  lacking  Mecl;  VSMecl,  lysates  with  VSMecl;  VSmeclki,  lysates  with  kinase  dead  VSmecl;  T,  wildtype  Rad9  MID 
substrate;  A,  alanine  substitution  at  TQ#8. _ 
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Figure  3:  Mutation  of  Rad9  TQ#8  fails  to  alter  either  the  electrophoretic  profile  of  Rad53  (lanes  7-10,  bottom  panel)  and  Rad9 

(lanes  15-18,  top  panel),  or  the  interaction  of  Rad9  with  Rad53  (lanes  7-10,  top  panel). _ 
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Figure  4:  Upper  sketch  represents  Rad9  with  the  C-terminal  BRCT  domains  marked.  Lower  sketch  indicates  the  14  putative 

Mecl  phosphorylation  sites  within  Rad9  (vertical  hash  marks),  as  well  as  the  TQ#8  deletion  utilized.  Markings  at  bottom  indicate  the 
phosphorylation  site  mutants  tested. _ 
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Figure  5:  Deletion  of  a  cluster  of  putative  Mecl  phosphorylation  sites  in  Rad9  both  removes  DNA  damage  (MMS)  dependent 

Rad9  phosphorylation  (lanes  11-14,  compared  to  9-10),  and  the  interaction  of  Rad9  with  Rad53  (lanes  4-7,  compared  to  2-3). _ 
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Blot  a-Rad53 


Figure  6:  Alanine-substitution  of  the  six  putative  Mecl  phosphorylation  sites  within  the  Rad9  cluster  (lane  4)  prevents  DNA 

damage  dependent  phosphorylation  of  Rad9  (top  panel,  cell  lysates)  and  Rad53  (bottom  panel,  cell  lysates). _ 


Assay  for  the  G2  DNA  Damage  Checkpoint 


min  post  G1  release 


Figure  7:  rad9^^^  mutants  fail  to  maintain  the  G2  cell  cycle  arrest  afte  rDNA  damage.  Cells  are  synchronized  in  Gi  and 

released  at  37°C.  DNA  damage  accumulates  in  S  phase  due  to  the  temperature  sensitive  cdcl3-l  allele  in  these  strains.  Cells  with  a 
deficient  DDC  fail  to  maintain  the  G2  arrest,  proceeding  with  mitosis.  rad9^^^  cells  escape  G2  arrest  with  kinetics  similar  to  the 
radSS^™^^  FHA2  mutant  cells. 
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Figure  8:  Rad53  FHA2  binds  Rad9  phosphopeptldes  in  vitro.  Rad9  MID  peptides  were  dot-blotted  to  PVDF  at  increasing 

concentrations.  GST-Rad53  FHA2  was  purified  from  bacteria  and  hybridized  with  the  dot  blot  membrane.  Binding  of  GST-Rad53 
FHA2  was  detected  via  chemiluminescence  aafter  blotting  for  GST.  GST-Rad53  FHA2  did  not  bind  the  nonphosphorylated  Rad9 
peptide,  nor  did  it  bind  nonspecifically  to  a  dual  phosphoserine  peptide  (Smad2)  or  a  phosphotyrosine  peptide  (ErbB2).  GST  alone, 
and  GST-rad53  FHA2  NVS/AAA  mutant  showed  only  general  background  staining. _ 
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PHOSPHORYLATION-DEPENDENT  INTERACTION  OF  Rad53  WITH  Rad9  IN  THE  DNA 
DAMAGE  CHECKPOINT  OF  S.  cerevisiae. 

Marc  F.  Schwartz'.  Zhaoxia  Sun^,  James  Hsiao^  and  David  F.  Stem^. 

Departments  of  Cell  Biology',  Molecular,  Cellular  and  Developmental  Biology^,  and  Pathology^,  Yale 
University  School  of  Medicine,  New  Haven,  CT  06510. 

The  DNA  damage  checkpoint  insures  genomic  integrity.  When  activated  by  DNA  damage,  the 
checkpoint  acts  to  both  delay  progression  of  the  cell  cycle  and  enhance  DNA  repair.  Known  components  of 
the  DNA  damage  checkpoint  of  Saccharomyces  cerevisiae  include  the  BRCT-domain  containing  Rad9,  the 
ATM-fsmily  member  Mecl,  and  the  Rad53/Chk2-family  founding  member  Rad53.  In  conjunction  with  other 
checkpoint  genes,  Rad9  is  hypothesized  to  act  in  an  afferent  sensor  pathway  in  the  DNA  damage  checkpoint, 
leading  to  the  checkpoint-dependent  activation  of  Mecl  and  Rad53.  Mecl  and  Rad53  are  protein  kinases 
thought  to  form  a  signal  transducing  kinase  cascade  central  to  the  DNA  damage  checkpoint  pathway  that  is 
responsible  for  the  propagation  of  the  DNA  damage  signal. 

Recent  work  in  our  laboratory  determined  that  Rad53  physically  interacts  with  Rad9.  In  addition,  Rad9, 
like  Rad53,  is  phosphorylated  in  response  to  DNA  damage  in  a  AfECi -dependent  manner,  and  Rad53 
specifically  interacts  with  this  hyperphosphorylated  form  of  Rad9.  These  data  suggest  the  following  model  for 
the  Rad53/Rad9  interaction:  in  response  to  DNA  damage,  Mecl  phosphorylates  Rad9,  leading  to  the 
recruitment  of  Rad53  to  phospho-Rad9.  Rad53  is  subsequently  phosphorylated  and  activated  by  Mecl, 
propagating  the  DNA  damage  signal.  The  identification  and  analysis  of  regions  of  Rad53  and  Rad9  required 
for  their  interaction  will  be  discussed. 
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INTERACTION  OF  RAD53  WITH  RAD9  IN  THE  DNA  DAMAGE  CHECKPOINT  OF  S.CEREVISIAE 

Marc  F.  Schwartz  1,  Dr.  Zhaoxia  Sun^,  James  Hsiao^,  and  Dr.  David  F.  Stem^ 

Dept,  of  Cell  Biology  ^  and  Pathology^^  Yale  University  School  of  Medicine  New  Haven,  CT  06510 
Stem@biomed.med.yale.edu 

DNA  damage  checkpoint  control  systems  are  important  for  protection  of  the  genome  from  genotoxic  agents. 
These  systems  function  as  signal  transduction  cascades,  in  which  signals  generated  by  DNA  damage  ultimately 
induce  transient  cell  cycle  arrest  and  expression  of  DNA  damage  response  enzymes.  Constituents  of  these 
pathways  are  highly  conserved  among  all  eukaryotes.  Major  components  in  Saccharomyces  cerevisiae  include 
the  BRCT  domain-containing  protein  Rad9,  the  protein  kinase  Mecl,  and  the  efferent  protein  kinase  Rad53. 

Mammalian  homologs  of  these  proteins  have  important  roles  in  breast  cancer.  Although  no  clear  Rad9  ortholog 
has  been  identified,  it  does  share  a  protein  homology  domain  and,  possibly,  functionality,  with  the  breast  cancer 
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tumor  suppressor  gene  BRCAl.  Mutations  in  the  MECl  ortholog  ATM  are  apparently  responsible  for  a 
significant  fraction  of  hereditary  breast  cancers.  The  RAD53  ortholog  CHK2/CDS1  regulates  breast  cancer  tumor 
suppressor  proteins  p53  and  Brcal.  Also,  mutations  in  CHK2  are  responsible  for  a  variant  form  of  the  breast 
cancer  predisposing  Li-Fraumeni  syndrome,  in  which  TP53  is  not  mutated. 

Budding  yeast  Rad9  is  hypothesized  to  act  in  an  afferent  pathway  that  senses  DNA  damage,  leading  to  activation 
of  Mecl  and  Rad53  in  a  protein  kinase  cascade.  Rad53  activation  in  turn  leads  to  some  of  the  major 
transcriptional  and  cell  cycle  regulatory  outputs.  Recent  work  in  our  laboratory  showed  that  DNA  damage 
induces  phosphorylation  of  Rad9,  which  in  turn  enables  Rad9  to  bind  Rad53  tightly  through  a  FHA  protein 
homology  domain.  This  probably  occurs  through  direct  recognition  of  a  Rad9  phosphopeptide  by  the  Rad53 
FHA  domain.  The  working  model  is  that  DNA  damage  enables  Mecl  to  phosphorylate  Rad9,  which  in  turn 
recruits  Rad53  into  a  complex  in  which  Rad53  can  be  phosphorylated  and  activated  by  Mecl.  We  view  these 
interactions  as  a  prototype  for  activation  of  homologous  proteins  in  other  systems,  including  activation  of  Chk2 
by  Atm. 

Through  a  combination  of  mutational  and  functional  analyses,  we  have  now  identified  phosphorylation  sites  on 
Rad9  responsible  for  the  interaction  with  Rad53,  and  shown  that  the  FHA2  domain  interaction  with  Rad9  is 
indeed  a  direct  phosphopeptide  recognition  event.  The  identification  of  these  sites  will  facilitate  identification 
and  characterization  of  mammalian  Rad9  orthologs,  which  is  now  underway. 
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